INTRODUCTION
Acoustic emission techniques are being widely used for the detection of faults in engineering structures. These techniques allow the possibility of real time monitoring of large areas of in-service structures, with a high probability of crack detection (see e.g.
Granata et. al. [1] , Jacobs et. al. [2] ). A prerequisite for this application is a thorough understanding of the nature of the stress waves generated as a result of internal impulsive events. A number of authors have examined the problem both theoretically and experimentally and the reader is referred to [2] for a list of references. Amongst these in particular, Ceranoglu and Pao [3] have made a comprehensive theoretical and numerical study of the transient response of an isotropic plate to a variety of dynamic nuclei of strain. They show plots of the time histories of both the normal and tangential surface displacements at the epicenter and at radial distances of two, four and six plate thicknesses from the source location. Results are presented for surface sources and buried sources located at the mid-plane of the plate. The surface sources consist of normal, tangential and oblique step function point loads, whilst the buried forces include also double forces, couples, centers of explosion., centers of rotation and double couples without moment.
However, the response might well be significantly different for a layered composite plate. Firstly, because of the anisotropy of the material, the disturbance within a layer depends on the direction of propagation and secondly, the propagating wave will be subject to multiple reflections at the ply interfaces. Theoretical and experimental studies of the transmission of stress waves and acoustic signals in composites and laminates have formed the topic of two recent symposia, the proceedings of which are available in references [4] and [5] . The author has carried out a detailed theoretical and numerical study of the transient response of a cross-ply fiber composite laminated plate to both surface and buried impulsive line loads, Green [6] [7] [8] [9] . The basic procedure adopted in [6] [7] [8] [9] relies on transform techniques. These lead to an analytical solution for the transformed displacement and stress components of the transient disturbance. The full solution to the problem is recovered by a double transform inversion.
Ceranoglu and Pao [3] also employ transform techniques to solve the isotropic plate problem and they carry out the transform inversion using the method of generalized rays. In essence, this involves determining the number of multiple reflection paths between the source and receiver and yields an exact solution for the problem up to any finite time. However, this number increases rapidly with the time elapsed since the impulsive event and also with the receiver/source separations. In consequence, the time spans and receiver locations considered are of necessity severely restricted. Since internal reflections at ply interfaces will give rise to a multiplicity of additional paths, the method of generalized rays is inappropriate for the laminated plate. An alternative method has been developed to perform the double transform inversion. This is an approximate numerical technique which results in some loss of accuracy compared with the generalized ray method but has the advantage of being able to evaluate the disturbance at locations which are far removed from the occurrence of the source. Also, for a small source/receiver distance, the transient disturbance may be examined over a much greater time span than may be achieved by the method of generalized rays.
The purpose of the present paper is to investigate the upper surface response of the laminated plate following two different impulsive events. The first of these is a line force and the second is a line double force. These sources may be located at any depth within the plate, but for brevity, only the first interface below the upper surface of the plate, (the upper interface) will be considered here. Results for other locations are presented elsewhere [10] . Ceranoglu and Pao [3] have only examined buried forces located at the mid plane of the plate. There are two reasons for positioning the source at the upper interface. Firstly, since it is a non-symmetrical position within the plate, the ensuing disturbance will be a combination of both symmetric and anti symmetric motion. Secondly, the fibers either side of this interface have different orientations which is certain to affect the propagating wave.
The results presented are in the form of graphs displaying the time histories of the normal component of displacement at the epicenter and at distances varying from one to twenty plate thicknesses away from the source. A comparison is made between these results and those ofCeranoglu and Pao [3] . A remarkable similarity emerges, taking into account the considerable physical differences as remarked upon earlier between a composite laminated plate and an isotropic single plate.
TIIEORY
Since a full description of the mathematical detail involved is given in [10] , it will suffice herein to include only an outline of the procedure. The plate consists of four layers of a unidirectional fiber reinforced material. Each layer is of depth h but of infinite lateral extent. The four laminae are perfectly bonded in a symmetric cross-ply configuration. The material is modeled as a transversely isotropic homogeneous elastic continuum, with the axis of transverse isotropy lying in the plane of the lamina and parallel to the fiber direction. This continuum model will be invalid for short wavelengths due to the diffraction and scattering by individual fibers. Consequently, attention is restricted to wavelengths of the order often times the fiber diameter and inter fiber spacing. (In practice, a typical material formed of carbon fibers embedded in a thermoplastic resin, has a depth of 125J.L11l, with fiber diameter and inter fiber spacing of the order of 61J.lI1.. Thus, consideration is only given here to wavelengths which are greater than 40J.1l1l.) A Cartesian coordinate system of axes is set up with the origin in the mid plane of the plate, the Xl axis being normal to the plate and the X2 and X3 axes being parallel to the fibers in the two outer and two inner layers respectively. The initiating impulse acts along a line passing through the Xl axis parallel to the X2X3 plane and making an angle 7tf2 + Y to the X3 direction. The resulting disturbance will be a straight-crested wave propagating at an angle y to the X3 axis and parallel to the layers. Hence, each stress and displacement component at any time t may be expressed as functions of Xl. X and t only, where X = X2 sill Y + X3 cos y.
The solution procedure consists of taking the Laplace transform with respect to time t and the Fourier transform with respect to the spatial coordinate x. The governing equations then reduce to six first order ordinary differential equations within each layer of the plate, together with three algebraic equations. These equations are solved to give the transforms of the three displacement and six stress components as functions of Xl in terms of six different constants in each layer. The next step is to submit these solutions to the appropriate interfacial and boundary conditions. The conditions of perfect bonding give continuity of the transformed displacement and traction components across each interface, giving six relations between the two sets of constants in each layer. An exception occurs at the interface on which an internal source is acting. There the source gives rise to a known discontinuity in one or more of the displacement and traction transform components between the two adjacent layers. Hence, in either case, each interface yields six equations. Imposing the traction free conditions at the two outer surfaces yields a further six equations. These in addition to the six equations at each of the three interfaces, allows the solution for any of the transformed components of displacement and stress to be determined at the surface or at any arbitrary depth within the laminated plate.
The line sources considered in this paper are located at the first interface below the top surface (the upper interface). Results are obtained for three different sources. The time dependence in each case is a step function. The first one considered is a step function line load acting in the negative Xl direction. Secondly, a line double force is examined, either acting vertically or acting in the plane of the laminate at right angles to the line of the load. The solutions for the double forces are derived using the limiting procedure adopted by Ceranoglu and Pao [3] . This involves considering the combined effect of two parallel forces of equal magnitude acting in opposite directions. In the case of the horizontal double force, the two equal and opposite forces are both acting in the X direction at a distance & apart.
The limit is taken as & -+ 0 such that the product of the force with & remains constant. The solution may be expressed as a linear combination of the solutions corresponding to single line loads. The vertical double force is derived in a similar manner but now the two forces are parallel to the Xl axis. One force acts at an interface while the other acts a distance & away. At the mid plane, this distance & may be measured on either side of the interface without affecting the result, since the material on both sides have the same fiber orientation. However, two cases will arise at each other interface, corresponding to & being measured into the inner or outer material. These two cases give rise to two quite different expressions for the solution. It turns out that in each case, the solution may be expressed as a linear combination of E1, E2 and E3" where E .. E2 and E3 are the solutions corresponding to three distinct sources acting at the upper interface. For E .. the source is a line dislocation. For E2 and E3• the source is a tangential line load acting parallel to the layers in the X2 and X3 where qJ. q2 and q3 are three further functions of the material constants. Results for both solutions are discussed in the next section.
All that remains to derive the full solution to the problem is to perform the transform inversions. As stated earlier, this has been achieved using an approximate numerical technique described fully in [10] .
RESULTS
The numerical results are based on the same material constants as have been referenced in the previous work, Green [10] . Expressed in terms of the usual 6 x 6 stiffiIess matrix [Cpq], the five constants associated with the inner layer where the axis of transverse isotropy is parallel to X3 are Cll = 10.57 X 10 9 Nm-2 • Cl3 = 4.37 X 10 9 Nm-]. C44 = 5.66 X 10 9 Nm-2 • C66= 2.46 x 10 9 Nm-z.
The constants for the outer layers, where the fibers are parallel to the X2 axis, may be derived from these by interchanging the suffices 2 and 3. The modulus in the fiber direction is of the order of 25 times that in the cross fiber direction. Figure 1 shows the upper surface normal displacement corresponding to a vertical line force acting in the negative XI direction at the upper interface. The receiver is located on the upper surface of the plate at a horizontal distance of two plate thicknesses (i.e. X = 8h) from the plane of the source. Various wave speeds may be associated with the change of slope in the two curves, the most noteworthy being the scaled quasi Rayleigh wave velocity of 0.527c for y = 1CI6. At a distance ofx = 8h. this disturbance should arrive at a time T = 15. 13, and this is where the most significant change of slope occurs on the solid curve. There is no corresponding change on the dotted curve, which verifies previous work Green [6] that a Rayleigh-type wave exists when y = 1CI6 and not when y = 1CI3. Figures 2,3 and 4 show the solutions to the same source but at distances of x = 24h. 40h and 80h respectively. Qualitatively, the solid and dotted curves are similar.
However, the disturbance has a much larger amplitude when y = 1CI6 than when y = 1CI3. When y = 1CI6, the fibers in the upper layer are at an angle of 1CI3 to the propagating disturbance, and hence the surface is more susceptible to bending than when the fibers are at 1CI6 to the x direction, i. e. y = 1CI3. All these figures are very similar to those shown by Ceranoglu and Pao [3] , when the source is located at the mid plane.
The remaining two figures show results for the double forces considered. For both figures 5 and 6, the propagating angle y = 1CI6. In figure 5 , the receiver is at the epicenter, ..., Solid: y = rel6. Dotted: y = rel3. (Note that curves 1 and 2 in each case have been translated upwards by 3 and 1 units respectively). Curves 1 and 2 correspond to the solutions given by the two different limits for the vertical double force, equations (l) and (2) respectively. There is no observable difference between the two solutions which indicates that the result is independent of whichever side of the interface the delamination occurs. The third curve in each case gives the solution when the source is a horizontal double line force. Ceranoglu and Pao [3] have shown that the gross behavior of the two responses are similar when the source is located at the mid plane. However, this is due to the symmetry of the source location and no such conclusion is valid when the source is located off-center. In fact, it is very clear that there is a significant difference in the response when the interface is subject to a force which opens it out vertically from that when it is opened out horizontally.
